ABSTRACT: Hyperbranched dendrimers are nanocarriers for drugs, imaging agents, and catalysts. Their nanoscale confinement is of fundamental interest and occurs when dendrimers with bioactive payload block or pass biological nanochannels or when catalysts are entrapped in inorganic nanoporous support scaffolds. The molecular process of confinement and its effect on dendrimer conformations are, however, poorly understood. Here, we use single-molecule nanopore measurements and molecular dynamics simulations to establish an atomically detailed model of pore dendrimer interactions. We discover and explain that electrophoretic migration of polycationic PAMAM dendrimers into confined space is not dictated by the diameter of the branched molecules but by their size and generation-dependent compressibility. Differences in structural flexibility also rationalize the apparent anomaly that the experimental nanopore current read-out depends in nonlinear fashion on dendrimer size. Nanoscale confinement is inferred to reduce the protonation of the polycationic structures. Our model can likely be expanded to other dendrimers and be applied to improve the analysis of biophysical experiments, rationally design functional materials such as nanoporous filtration devices or nanoscale drug carriers that effectively pass biological pores.
D
endrimers are nanoscale, star-like, hyperbranched molecules with high functional impact.
1,2 Their structural hallmarks are (i) a void interior to encapsulate imaging agents or drugs, (ii) a dense outer shell with numerous terminal groups that can be chemically modified with fluorophores, catalytic groups, or molecular receptors, and (iii) a spherical shape that influences the interaction with other objects including nanopores. Biological nanopores help control molecular traffic across cellular membranes, whereas natural and man-made pores are exploited in nanotechnology for filtration 3 as well as the label-free sensing of analytes 4−8 including electrical sequencing of individual DNA strands. 9, 10 Confining dendrimers temporary or permanently into nanopores is of relevance in basic and applied science. In research, permeating dendrimers of different size are used to probe the lumen of biological and inorganic nanopores, 11 whereas in biomedicine, the interaction influences the transport of encapsulated therapeutics across biological membranes 12, 13 or achieves the blocking of pore-forming toxins. 14, 15 In materials science, the permanent lodging results in nanoscale filtration devices 16 and reusable catalysts that enclose the dendrimers within nanotubes. 17 Despite these applications, a fundamental understanding of dendrimer behavior under nanoscale confinement is missing. For example, there is currently no definitive answer to the seemingly simple question about a cutoff size for the permeation of dendrimers into pores of given diameter, particularly under the ubiquitous transmembrane voltage present in biological cells as well as in research settings. Hence, it is not clear to which degree the structural flexibility of differently sized dendrimers influences their entrance into pores; their rigidity usually increases with bigger diameter. 1 Furthermore, there is no detailed information on the mechanism for pore insertion, that is, whether the dendrimers insert completely or partly into a pore. Finally, it is not known whether the nanoscale confinement of dendrimers has an effect on the charge state of the ionizable functional groups of the molecules. A detailed molecular study that settles many of these questions will undoubtedly achieve a step-change in our fundamental understanding of dendrimer dynamics under confinement. Unfortunately, the large body of studies on the nanopore-mediated capturing or transport of linear organic polymers, DNA and polypeptides 18−34 cannot be directly applied due to the different molecular shapes and properties compared to dendrimers.
Here, we develop a coherent and detailed molecular model of dendrimers under nanoscale confinement. We employ the widely used protein pore α-hemolysin (αHL) ( Figure 1A ) of known atomistic structure 35 to examine the prominent polyamido-amine (PAMAM) dendrimers 36 of increasing size, generation 1 to generation 5 (G1−G5) ( Figure 1B ; Supporting Information, Figure S-1) . We measure the electrophoretically induced permeation of positively charged PAMAM at the level of individual pores and molecules, and thereby avoid problems of static or temporal heterogeneity that can hobble conventional ensemble measurements. 37 The specific experimental output is the ionic current flowing through single pores as a function of PAMAM size. Our detailed experimental data are synergistically combined with molecular dynamics simulations to probe, at the atomic level, how far individual dendrimers permeate into the pore lumen. The simulations are validated by a comparison of the simulated to the experimental pore currents. Additionally, the simulations provide unprecedented molecular insight into the mechanism of PAMAM insertion, as well as the structural conformations and the charge of confined dendrimers as a function of their size and nanoscale confinement. These details could not be inferred solely from experiments. Our coherent understanding will help tailor the molecular properties of dendrimers and pores to suit specific applications.
Results and Discussion. Description of the Molecular Components of Our Study. In our work on nanoscale confinement, we examined whether PAMAM dendrimers G1 to G5 permeate into the αHL pore. We selected these molecular components for three reasons. First, the size of the dendrimers is easily tunable. With each number of synthetic cycle (i.e., generation), twice the number of tertiary amine branching points are added, and the number of terminal primary amines doubles ( Figure 1B ; Supporting Information, Figure S-1) . 36 The hydrodynamic diameter of PAMAM thereby increases from 2.2 nm for G1 to 2.9 nm for G2, 3.6 nm for G3, 4.5 nm for G4, and 5.4 nm for G5 ( Figure 1B) . Second, the PAMAM dendrimer and the αHL pore have matching nanoscale dimensions ( Figure 1) . 35 Finally, the pore lumen at the trans side is of simple cylindrical shape, which was anticipated to facilitate studying the interaction with PAMAM. In particular, at the trans side, the αHL pore features a cylinderlike transmembrane β-barrel of approximately 2 nm inner width and 5.0 nm height, which narrows to a 1.2 nm-wide inner constriction ( Figure 1A) . The pore's cis side is geometrically less regular and has a sphere-like chamber and a 2.9-nm cis entrance ( Figure 1A ), which may cause further undesired complexity in our study of pore confinement. Hence, dendrimers were placed at the trans side.
Electrical Recordings of Single Pores Establish Dendrimer Permeation Patterns That Were Unexpected from Hydrodynamic Diameter Considerations Only. The generationdependent movement of PAMAM into the nanoscale confinement was probed by recording the ionic current flowing through single protein channels. Single-channel current recording is a widely used technique to understand the structural dynamics of individual molecules that are captured or passing the pore and can be examined in a label-free fashion under high temporal and conductance resolution. 4−6 Our measurements with αHL were carried out by applying a potential across a membrane with an embedded pore and by recording the ionic current of the solvated electrolytes. Under standard electrolyte conditions of 1 M KCl 18, 22, 38 and an effective potential of −100 mV at the cis side, the blank αHL pore exhibited a conductance of 1020 ± 90 pS (n = 7, number of independent recordings), which is in line with the literature. 38−40 To probe dendrimers under nanoscale confinement, PAMAM were added at a final concentration of 50 μM to the trans side of the αHL. Short current blockades were observed as exemplarily shown for PAMAM G2 (Figure 2A ; Supporting Information, Figure S-2) . The blockades are likely caused when the positively charged PAMAM is electrophoretically driven toward the negatively polarized cis side and temporarily resides within the β-barrel (Figure 1 ). The blockade ends when the PAMAM reversibly exits the pore likely to avoid the energetically unfavorable nanoscale confinement and to regain conformational and translational freedom. Remarkably, dendrimers of generation G1 to G4 entered the pore even though their hydrodynamic radius (2.2 nm for G1, 4.5 nm for G4) is larger than the transentrance of the β-barrel at 2.1 nm. The diameter of the dendrimers is hence an unsuitable guide to predict their electrophoretic movement into a narrow pore.
Nonmonotonous Dependence of Current Blockade on Dendrimer Generation. To further examine the permeation of large dendrimers, pore blockades were characterized in terms of their blockade amplitude, A, and duration, τ off , ( Figure 2B ). The amplitude is the difference between the ionic current at the bottom of the event, I b , and the current of the open channel, I o , normalized to I o ( Figure 2B ). To obtain statistically relevant data, the distribution of A was plotted in a histogram as exemplarily shown for the G2 dendrimer ( Figure 2C ). The peak of the distribution has a maximum of 46%. The wide distribution of amplitude values in the histogram might reflect the known polydispersity of PAMAM dendrimers. In HPLC analysis of the commercially sourced dendrimer sample, 16 we found a broad and single major peak that confirms the polydispersity but argues against heterogeneities. The average blockade amplitude for each PAMAM generation was acquired using at least three independent recordings with a total of around 10 000 individual events. No correlation was detected between the width of the amplitude distribution in histograms and the PAMAM generation even though the latter scales with polydispersity. 1 Likely, this implies that the interaction with higher-generation dendrimers does not involve the complete PAMAM molecule, as established further below.
A plot of average maximum peak amplitude vs dendrimer generation ( Figure 2D ) summarizes the results. Several remarkable features are noted. First, the plot shows an unusual nonlinear dependence of A vs dendrimer generation. The amplitude of the current blockade first lowers from 58.1 ± 3.6% (G1) to 48.1 ± 3.0% (G2) before increasing to over 60.8 ± 2.8% (G3) and 74 ± 4.4% (G4). This behavior is independent of the transmembrane voltage (Supporting Information, Figures S-3 and S-4) and likely implies that the dendrimers lodged in the pore are not in a metastable state but at the energetic minimum. Second, G4 PAMAM migrated into the pore only at very high potentials of 160 mV. This can suggest that the lower voltages were not enough to force the dendrimer into the pore. Finally, G5 PAMAM was not electrophoresed into the pore, as judged by the lack of discernible clear current blockades.
When considering dendrimers G1 to G3, the blockade duration, τ off , depended in nonlinear fashion on the dendrimer size (Supporting Information, Figure S-5), similar to the amplitude, whereas it was not influenced by voltage (Supporting Information, Figure S-3B) . We did not pursue the analysis of τ off data any further, as we were able to computationally simulate the blockade amplitude.
Molecular Dynamics Simulations of PAMAM Permeation into αHL. In order to explain the unusual blockade of highgeneration dendrimers and the nonmonotonous dependence of blockade amplitude, we atomistically simulated the electrophoretically driven permeation of PAMAM into αHL using molecular dynamics. We first modeled the dendrimers 41 and pre-equilibrated them for 30 ns. Representative structures are shown in Figure 3 , and the convergence of radii of gyration is demonstrated in Supporting Information, Figure S-6. The dendrimer radii were found to be 9.7, 12.1, 13.3, 18.7, and 21.0 Å for G1 through G5, respectively, within the range of previously published values. 42 It has been shown that at pH values between 7 and 8, only dendrimer primary amines are protonated. 43, 44 Therefore, we used this convention in modeling the dendrimers at neutral pH used in the experiment. The dendrimers were then added to the trans side of αHL pore at a distance equivalent to twice the radius of gyration of dendrimer. The protein pore was embedded in a preequilibrated, circular patch of a lipid DPPC leaflet with a radius of 60 Å. In order to reduce the computation time while maintaining the key interactions, all atoms were fixed except for the dendrimer and the charged αHL residues at the pore entrance, that is, ASP127 and LYS131 on each of the seven monomers near z = 0 Å, which coindices with the opening of the β-barrel. Solvent was represented with a continuum model by using generalized Born implicit solvent as implemented in NAMD. 45, 46 All simulations were run by using NAMD software 46 with the CHARMM27 force field.
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The computational electrophoresis of the positively charged PAMAM dendrimers was achieved by applying a transmembrane potential following an established protocol 48, 49 and grid-steered molecular dynamics (GSMD). 50 In this approach, an electrostatic grid potential obtained at low voltages is scaled up to accelerate the molecular movement to times scales accessible to simulations while reducing artificial distortions in molecular configurations. 50 GSMD has been successfully applied to simulate the translocation of DNA strands, DNA hairpins and α-helical peptides through αHL.
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In our simulations, we initially used an effective voltage of 30 V for 500 ps, only 12 V of which is due to the contribution from constant electric field. We then equilibrated the structure at a lower effective voltage of 4.8 V for 1 ns and finally 0.5 ns at a potential of 120 mV for 0.5 ns to obtain meaningful conformations. Further details of the GSMD settings are provided in the Supporting Information. Molecular Dynamics Establish That Pore Permeation Is Not Directly Determined by Dendrimer Diameter but by the Generation-Dependent Compressibility of PAMAM. The results of our simulations are summarized in Figure 3 . They reveal that the permeation into the pore strongly depends on the dendrimer generation. G1 completely entered the β-barrel to block the inner constriction, whereas G2 did not reach as deeply. By contrast, G3 did not fully enter the barrel, and only a smaller portion of G4 and G5 was inside the pore.
The simulations are highly valuable as they first replicate the experimentally found permeation of large dendrimers. Similar to nanopore recordings, all PAMAM dendrimers from G1 to G4 at least partly if not completely entered the pore in the simulations (Figure 3 ) even though the hydrodynamic diameter for all is larger than the trans entrance. Second, the computational data distinguish two molecular modes for pore entrance. G1 and G2 enter the pore completely (Figure 3) . By contrast, only several branches of the dendrimer G4 are able to reach into the pore lumen (Figure 3 ). G3 occupies a middle position between the two extremes. The simulations, third, provide a reason for the generation-dependent entrance mode in terms of structural flexibility and compressibility of the outermost dendrimer shell that decreases with higher generation. 51 The different degrees of flexibilities are apparent in the computationally derived dendrimers' terminal relative mobilities which represent the size-dependent change in the angle spanned from the dendrimer center by two terminal branches (Supporting Information Figures S-9 and S-10). As a further illustration that rigidity increases with dendrimer size, we show in Supporting Information Figures S-11 and S-12 that the intramolecular potential energy required to push the dendrimer into the pore scales with generation.
Using this insight, we can explain that G1 and G2 can enter so deeply into the pore because the required associated rearrangement of the PAMAM branches is energetically feasible due to the flexible and noncrowded outer dendrimer shell. By contrast, only a few branches of the G4 dendrimer (Figure 3 ) enter the pore because the crowded outer shell of the dendrimer does not allow for a larger structural reorganization as found for G1 or G2. Indeed, G4 cannot reach deeper into the pore as this would require the energetically costly pushing aside the other branches of the dendrimer. One discrepancy is that PAMAM G5 entered the pore in the simulations but not in the experiments. A possible reason for this mismatch could be that a PAMAM G5 branch resides too short in the barrel to be detected amid the current noise of the open channel.
To achieve a quantitative measure of the varying degrees of pore blockade, we computed from the molecular dynamics simulations the open cross-sectional area of the lumen, S(z), against the z coordinate running along the central pore axis (Figure 3 ). S(z) is the area of the pore which is not blocked by a PAMAM dendrimer. For reference, the open (non-PAMAM blocked) pore area is in black (Figure 3 ). The plot highlights that G1 blocks the pore at the inner constriction while G2 and G3 constrict mostly the middle part of the β-barrel.
Simulations Allow Us to Calculate the Ionic Current Blockade and Thereby Explain the Unusual Experimental Nonmonotonous Dependence of Blockade Amplitude on Dendrimer Generation. The open cross-sectional area S(z) of the lumen was used to calculate the ionic current blockade. S(z) integrated over z represents the volume of pore lumen which is filled by electrolytes, which is in turn directly proportional to the ionic current. Although more sophisticated means to compute current by representing ions explicitly exists, 49, 52, 53 they are computationally more challenging to converge because of the direct calculation of the timedependent flow of ions, particularly for large ionic flows. Moreover, because the current are so large for the system at hand, the approximation we use is expected to be appropriate. Following our previous work, 54 
Here, S(z) and S′(z) in the numerator and denominator are the open cross-sectional areas when the pore is open and when the pore is dendrimer-blocked, respectively. The terms 1/(2d 1 ) and 1/(2d 2 ) in the numerator are the access resistances for the trans and cis pore opening of the unblocked channel with diameters d 1 and d 2, respectively, following Hall's model.
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The trans access resistance of pores blocked by G1 and G2 was calculated similarly using the effective pore diameter d 1 ′ at the trans side. A different approach was used to describe the access resistance of dendrimers G3, G4, and G5, which due to their larger size reside to an increasing degree outside the pore, within a roughly hemispherical region. In our calculations, we treated the region outside the pore as a combination of (i) a hemisphere with a diameter D large enough to enclose the dendrimer partition outside the pore and (ii) the rest of the region from this hemisphere up to the electrode at infinity. The contribution to access resistance from the latter term is given by (1/πD) as described in ref. 56 In the region from the surface of this hypothetical hemisphere up to the PAMAM-blocked pore entrance of effective diameter of d 1 ′, the access resistance can be calculated by the term ρ ((1/(2d 1 ′) ) − (1/(πD))), where ρ is the effective resistivity introduced by the dendrimer, a relative resistivity normalized with respect to the resistivity of the pure solution. As a result, the total relative access resistance in the trans side space is ρ ((1/(2d 1 ′) ) − (1/(πD))) + (1/(πD)). The treatment of access resistance for different dendrimer generations can be summarized as follows: Nano Letters 
The parameter ρ, accounting for the relative increase in resistivity caused by PAMAM outside the pore region, can be further factored out into two components, ρ = ρ 1 (V,V′)ρ 2 (q), that is, into a steric and an electrostatic factor to mirror the reduction in free solubilized electrolyte ions within the region. The steric component is deduced from the reduction of the solvent accessible (free) volume by the dendrimer, and a linear relationship between electrolyte concentration and resistivity was assumed from a first-order expansion of the Kohlrausch law. 57 This leads to an expression for the steric relative resistivity ρ 1 = V/V′, where V is the volume of a hemisphere with diameter D and V′ is the solvent accessible portion of this volume in the presence of dendrimer. The second component ρ 2 reflects the lowering of electrolyte concentration caused by the electrostatic repulsion against the charged, protonated PAMAM terminal amine groups positioned outside the pore and is assumed to increase linearly with the number of charges. The protonation in this structurally noncompressed PAMAM parts differs to the dendrimer branches which are confined within the pore. There, the protonation of their terminal primary amines is, in agreement with other polyelectrolytes, 58, 59 assumed to be suppressed to avoid mutual energetically unfavorable electrostatic repulsion, as reflected by the solely steric term S′(z) for calculating the ionic current. The Supporting Information provides a more detailed description of how the values of the parameter ρ were calculated.
The blockade amplitude was deduced from the ratio of I b /I o using eq 4 
As shown in Figure 4 , the theory was able to capture well the experimentally found nonmonotonous dependence of pore blockade on dendrimer generation. This is of note, as our model does not use a phenomenological fit to experimental data but rather calculates the current from dendrimer-induced and position-dependent blocked pore and access volumes and the electrostatic factors. The small offset of approximately 10% between the computational and experimental blockade levels could have been overcome by including a mathematical fitting factor in eq 1, but doing so would have diluted the simplicity and biophysical coherence of our model. The computational model correctly predicts the experimentally observed trend, yet it slightly and consistently overestimates the blockade amplitude. A possible explanation for this consistent shift could be the different time scales underlying the simulated dynamics vs the experimental measurement of the poreblocking events. As the temporal resolution of the measurement is about 50 μs, time-averaged partially blocked conformations could be present in the measured data, but not in the simulation, which accounts for nanosecond dynamics in the thermodynamically dominant state of dendrimer−pore interactions.
Nevertheless, the agreement between theory and experiment is remarkable considering that the model is relatively simple compared to several more complex computational strategies. 49, 52, 53 A key reason contributing to the agreement, particularly for G3 and G4, has to do with the relative resistivities of PAMAM inside and outside the channel. The difference in the resistivities is biophysically justified by the steric component, and by the fact that squeezing PAMAM inside the channel pushes charged terminal amino groups together and hence lowers their protonation state to avoid energetically unfavorable electrostatic repulsion under confinement. Consequently, PAMAM branches inside the pore are considered to solely act as steric but not as an electrostatic barrier for the passage of electrolyte cations, which in turn results in a higher ionic current compared to flux through PAMAM outside the pore. When expressed via the parameter ρ, the resistivity of nonconfined PAMAM is about four times bigger for G3 and 21 times bigger for G4 than of dendrimer branches confined inside the pore. This parameter is key for obtaining a good match to the data, as setting it to equal in and outside the pore resulted in a strong mismatch between experiment and data as shown by a comparison of Supporting Information Figure S Conclusions. We have measured and simulated how PAMAM dendrimers permeate into the widely used model pore αHL to uncover fundamental insight into dendrimer− pore interactions at the nanoscale. The key findings of our study are threefold. First, we show that permeation is not governed by the apparent hydrodynamic size of the dendrimers relative to the pore. Rather, it is determined by their generation-dependent conformational flexibility, that is, by the details of if and how dendrimers can modulate their internal structure to enter the pore. The result is important for basic and applied science as it is now easier to predict the optimal dendrimer generation for a given nanopore diameter. Second, our data suggest that pore-confinement is reducing the ionization state of PAMAM, which in turn can help predict permeation properties through charged nanopores. Third, we demonstrate that the permeation-induced current blockade exhibits a nontrivial dependence on dendrimer generation. This is caused by an intriguing interplay pore geometry, different dendrimer compressibilities, and confinement-induced changes in PAMAM properties, including ionization. Small, easily compressible dendrimers like G1 and G2 completely move into the cylinder-shaped pore to cause a large blockage caused by steric factors. By contrast, at the other extreme, larger, less compressible dendrimer G4 does not completely enter the pore but causes a larger current blockade as the PAMAM section outside the pore is fully protonated to electrostatically reduce electrolyte mobility. In conclusion, our study highlights the importance of molecular flexibility and nontrivial nanoparticle nanopore interactions in modulating pore transport and can ■ REFERENCES
